Hydrological models and remote sensing evapotranspiration (ET) models usually are used to estimate regional ET. This study aims to integrate the advantages of both the models to simulate the daily ET processes. A compromise between these two methodologies is represented by improving the optimization of the hydrological model on the basis of a new probability optimal ET series, which is produced by a data assimilation scheme combining sparse remote estimates and continuous modeling of regional ETs. The distributed time-variant gain hydrological model (DTVGM) and a two-layer remote sensing ET model are chosen. First, the DTVGM is optimized by maximizing the Nash-Sutcliffe efficiency of daily streamflow in the Shahe River basin, and simulates the daily hydrological processes of 1999-2007. For improving the accuracy of continuous ET simulation, the DTVGM is further optimized by dual objective functions composed of the assimilated ETs and observed outlet discharge. The results show that the accuracy of the DTVGM-based daily ETs is improved after the dual optimization, and the mean absolute percentage error between the DTVGMbased ETs and the measured ETs in the study area is reduced by 5.84%. The integrated method is proved better, and improves the hydrology modeling accuracy.
ET is not steady, and is tightly related to weather conditions (Szilagyi & Jozsa ) , thus the relationship explaining the evaporation paradox is also unsteady (Liu et al. ) . Therefore, regional ET estimates based on the relationship between actual and potential ET also contain uncertainties.
Hydrological models are good tools for simulating and analyzing the existence, movement, and distribution of water in a particular basin (Werth et al. ) . Usually, the river basin is divided into a number of hydrological response units for hydrological process simulation. As the simulation error is cumulative in the simulation process, precision (Rakovec et al. ) . Furthermore, poor representation of the dynamic underlying surface changes and the observation errors in the model input data lead to additional uncertainties in hydrological models (Immerzeel & Droogers ) . Although hydrological models could be optimized based on the runoff observation, the optimization only refers to the WB mechanism, not the surface energy balance. The efficient optimization of ET processes simulation is affected by the lack of reliable observed ET.
The RSTMs can estimate the surface ET with sufficient accuracy, and have become important tools for estimating regional ET (Mauser & Currently, relatively few studies have considered such a combination (Pipunic et al. ) . Irmak & Kamble () used the 18 daily ETs from the SEBAL (surface energy balance algorithm for land) remote sensing model as observations to optimize the parameters of the SWAP (soil, water, atmosphere and plant) model based on the genetic algorithm, and improved the accuracy of the ET process simulation. However, the number of ET observation values was very small, and the optimization did not consider the observed outlet runoff; therefore, there were limited improvements in the results, and uncertainties remained in the SWAP simulation. Additionally, remote sensing ET is essentially simulated data, not actual data, so it is not suitable to be used as observations to optimize the hydrological simulation directly. The method will bring new uncertainties. Han et al.
() used data assimilation (DA) technology to combine remote sensing ETs and hydrological model-based ETs, while Parada & Liang () demonstrated that the DAbased results have an optimal probability. Therefore, the DA-based ETs are better suited and more reliable for constructing the objective functions, when optimizing the hydrological models, than remotely sensed ETs.
This study aims to propose an integrated ET simulation approach integrating the advantages of the remote sensing and the hydrological model, by improving the hydrological model optimization. The optimization is not only based on the runoff observation, but also on a new probability optimal ET series which is produced by a DA scheme combining sparse remote estimates and continuous modeling of has a small computational cost and has been applied successfully in the Haihe River basin, Huaihe River basin, and other areas in China (Li et al. ) . A widely used DA algorithm, the ensemble Kalman filter (EnKF), is used to assimilate the regional ET series from the RSTM and DTVGM. The DTVGM is optimized by dual objective functions composed of the assimilated ETs and observed outlet discharge, and the optimized DTVGM is used to produce continuous daily ETs with higher precision. The rest of the paper is structured as follows. The next section describes the basic framework along with the data, models, and methods used. This is followed by a section presenting the simulated results and analysis. The paper closes with a discussion and conclusions.
DATA AND METHODOLOGY

Study area
The Shahe River basin (Figure 1) into ESRI grid format with the same grid size and map projection. Table 1 shows the types of data used in the study. 
Methodology
In this study, a new integrated approach is developed to optimize the DTVGM for accurate daily ETs, based on the assimilated ETs and observed outlet discharge. The DTVGM is optimized under two different scenarios, and the flowchart of the methodology is shown in Figure 2 .
First, the DTVGM is calibrated and validated using the The root mean square error (RMSE) between the assimilated ETs and the simulated ETs, denoted as RMSE ET , is utilized as another objective function to further optimize the 
where T is the average temperature [
·day)], and is the latent heat of water vapor-
The E a can be expressed as a function of E p and soil moisture (W ): In this study, the optimal values of DTVGM parameters are searched for and selected using the SCE-UA algorithm (Duan et al. ) , which combines the direction-searching of deterministic, non-numerical methods and the robustness of stochastic, non-numerical methods. It adopts competition evolution theory, concepts of controlled random search, the complex shuffling method, and downhill simplex procedures to obtain a global optimal estimation (Mariani & Coelho ) . The objective function of DTVGM is defined in Equation (3). In the optimization carried out during Scenario 1 (see Figure 2) , the model is calibrated by maximizing the NSE of daily outlet discharge. The NSE is defined as:
where Q obs,i and Q sim,i are the observed and simulated values of daily outlet discharge at the date i, respectively.
Q obs is the average observed value, and n is the number of observations.
According to the schematic framework in Figure 2 , the DTVGM is further optimized by the objective function RMSE ET constructed by ET, as well as the NSE constructed by daily outlet discharge. The RMSE ET is defined as follows: 
In the DTVGM, there are nearly 50 parameters, and some parameters are not important for the output response of interest. Therefore, the eight important or sensitive parameters listed in Table 2 the latent evaporation λE of a mixed pixel can be described as a linear combination of λE s and λE v , as shown in Equation (7). The evaporative fraction Λ can be calculated by Equation (8). 
The daily ET is estimated by the evaporative fraction method (Bastiaanssen et al. ; Tasumi et al. ; Galleguillos et al. ) as shown in Equation (9):
where λ is evaporation latent heat in MJ·m À3 and λ ¼ (2.501 À 0.02361T 0 ) × 10 3 MJ·kg À1 in this study (Tasumi et al. ) , and T 0 is the average daily temperature in W C.
Rn daily is the daily net radiation, which is equal to the difference between net shortwave radiation and net long wave radiation (Zhan et al. a) .
Data assimilation
The EnKF is utilized here for the ET DA. The EnKF is a direct observer assimilation method, and overcomes the linearization issue through a Monte Carlo approach The assimilated variable X a (the daily ET) is updated as follows:
where H( ) is a nonlinear operator that relates X to Y , with superscript T denoting the matrix transpose, and is equal to a unit matrix in this study, because both back- Figure 5(b) ), and the MAPE is nearly 25%. Thus, the DTVGM-based ET simulation is poor when the DTVGM is optimized only by NSE constructed using the outlet discharge of the whole basin. The DTVGM still needs to be improved or further optimized.
Improvement of the DTVGM optimization
The boundaries of the sub-basins are often different to the boundaries of the grids in satellite data. In this study, the pixel-to-pixel RSTM simulation is based on the 30 × 30 m 2 grid mode, whereas the DTVGM is based on the sub-basin In the further optimization (Scenario 2 in Figure 2 ), the calibrated DTVGM from Scenario 1 is optimized by the SCE-UA with the two objective functions NSE and RMSE ET calculated by Equations (2) and (3). Figure 8 shows The difference of WB in the two scenarios is obvious.
The WB in Scenario 2 is 1.081, which is better than 
DISCUSSION AND CONCLUSIONS
In this study, the uncertainty in the DA process has been minimized as much as possible by determining the optimal ensemble size (100 members), observation error, and model error in the DA experiment. This is a key step in improving the optimization of the DTVGM on the basis of a DA-based ET series, when adopting an integrated approach that achieves a compromise between the DTVGM and RSTM in a DA scheme combining sparse remote sensing estimates and continuous modeling of daily ETs. The EnKF DA algorithm plays an important role and ensures the DA-based ETs used for validation are reliable.
The DA-based ETs are used to further optimize the 
